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Introduction
Water absorption from the jejunum of man is dependent on coupling with solutes other than sodium and chloride, for example monosaccharides (Sladen & Dawson, 1969; Modigliani & Bernier, 1971) , bicarbonate ions (Fordtran, Rector & Carter, 1968; Sladen & Dawson, 1968) or certain neutral amino acids (Adibi, 1970; Hellier, Thirumalai & Holdsworth, 1973) . Although the relations between sodium, water and sugar transport have been studied in detail (see review by Sladen, 1972) , the significance and magnitude of the effect of amino acids and dipeptides on water and electrolyte absorption is far from clear. Water transport is supported by monoand di-saccharide to a comparable degree when solute uptake is expressed as mol of monosaccharide (McMichael, Webb & Dawson, 1967) , as might be expected because complex sugars are digested in the gut lumen and at the brush border to monosaccharides before entering the cell (Holmes, 1971) . Protein digestion products are handled differently, because dipeptides as well as amino acids are transported into the mucosal cell (see reviews by Matthews, 1971; Milne, 1971 ; Silk, 1974a) . We have therefore investigated the relative effect of a wide range of concentrations of a dipeptide and its constituent amino acids to determine whether or not they affect water and electrolyte transport to a comparable degree. This has been done by using a jejunal perfusion technique with the dipeptide glycyl-L-alanine. A preliminary communication has already appeared (Silk, Fairclough, Clark & Dawson, 1975) .
Methods

Experimental procedure
Normal adult male volunteers, who gave their informed consent, were fasted overnight and intu-
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bated on the morning of the experiment with a double-lumen perfusion tube incorporating a proximal occlusive balloon (Phillips & Summerskill, 1966; Sladen & Dawson, 1970) . The tube was allowed to pass until the 30 cm perfusion segment was positioned in the upper jejunum. The final position of the tube was checked fluoroscopically so that the infusion orifice was situated in the 10 cm segment of upper jejunum beyond the duodeno-jejunal flexure. A proximal occlusive balloon was incorporated into the perfusion tube to prevent reflux of the infused solution and to prevent contamination of the infused solution within the perfused segment by proximal secretions, in particular proteolytic pancreatic enzymes. All perfusion solutions were infused at a rate of 15 ml/min through the infusion orifice with a peristaltic pump (H.R. Flow Inducer, WatsonMarlow Ltd, Marlow, Bucks., U.K.) from bottles maintained at 37°C in a water bath. The first 30 min of each perfusion period was allowed for the attainment of a steady state in absorption rates. Preliminary studies indicated that this interval was sufficient for this purpose (Silk, Perrett & Clark, 1973) . Three 10 min collections were then obtained by a process of simple siphonage through the aspiration orifice. The samples were collected into plastic bottles and, during the last 10 min collection period of the dipeptide perfusions, sulphosalicylic acid crystals were added to the collection bottles in sufficient amounts to produce a final pH of approximately 2.0. Previous studies have indicated that this procedure inactivates peptidase activity. After collection, the aspirated samples were filtered through Whatman no. 1 filter paper, and the filtrates stored at -20°C until analysis.
Solutions
The amino acids and dipeptide (glycine, L-alanine and glycyl-L-alanine) were obtained from BDH Chemicals Ltd and from Sigma (London) Chemical Co. The purity of these compounds was checked on an amino acid analyser. The solutions consisted of sodium chloride ('saline'; 150 mmol/l), dipeptidesaline and amino acid-saline mixtures. In all cases, appropriate quantities of sodium chloride were added to give final osmolar concentrations of 280-290 mosmol/kg as measured by freezing-point depression. All solutions contained the non-absorbable marker polyethylene glycol (mol. wt. 4000) at a concentration of 2.5 g/l (Schedl, 1966) . A number of solutions also contained 1 pCi of p~ly['~C]ethylene glycol/l (New England Nuclear Corp., Boston, Mass., U.S.A.). The pH of all solutions was adjusted to pH 7.0 by titrating with sodium hydroxide solution (1 mol/l).
Experimental design
Ten subjects were perfused with sodium chloride (150 mmol/l). Twenty-seven other subjects were perfused with a dipeptide-saline solution and an amino acid-saline solution containing exactly equivalent concentrations of the constituent amino acids in the free form. Of these subjects eight were perfused with Gly-Ala (10 mmol/l), five subjects with Gly-Ala (20 mmol/l), five subjects with Gly-Ala (40 mmol/l), five subjects with Gly-Ala (80 mmol/l) and four subjects with Gly-Ala (140 mmol/l). In each case, the amino acid and dipeptide solutions were perfused in random order.
Chemical analysis
The amino acid and dipeptide contents of the perfusion solutions and aspiration samples were measured in a Locarte Automatic-Loading Amino Acid Analyser (Silk, 1974b) . The polyethylene glycol content of the perfusion solutions and intestinal aspirates was either measured turbidimetrically (Hyden, 1955) or by scintillation counting as previously described (Wingate, Sandberg & Phillips, 1972; Silk, Perrett, Webb & Clark, 1974) . The sodium and potassium content of the perfusion solutions and intestinal aspirates was measured by flame photometry with a Technicon 6/60 analyser or an EEL 227 integrating flame photometer (EEL Ltd, Halstead, Essex, U.K.). The chloride content of the samples was measured with an EEL chloride meter (EEL Ltd). Osmolality was measured by freezingpoint depression with an Advanced Osmometer (Advanced Instruments Inc., Newton Highlands, Mass., U.S.A.).
Calculation of results
The term amino acid absorption is used to describe the intraluminal disappearance of the constituent amino acids during perfusion of the dipeptide and equivalent equimolar amino acid solutions. The formulae for calculation of these absorption rates have been given by Adibi (1971) . The term dipeptide disappearance, referred to in the Discussion section of this paper, is the rate of intraluminal disappearance of intact dipeptide, which is either absorbed intact or hydrolysed (Adibi, 1971) , minus the rate of accumulation of glycine and alanine in the intestinal aspirates.
The rates of water and electrolyte absorption during perfusion of the amino acid and dipeptide solutions were calculated from the formulae of Sladen & Dawson (1969) . The statistical significance of differences in absorption rates was evaluated by the unpaired and paired t-test where appropriate (Langley, 1968) . (Table 1) Alanine was absorbed faster than glycine (P< 0.01 or less) during perfusion of all the equimolar free amino acid solutions. This difference in absorption rates was abolished when the equivalent dipeptide solutions were perfused because glycine was absorbed faster from the dipeptide solutions than from the equivalent amino acid solutions (P< 0.01 or less for each concentration studied). Alanine was absorbed at comparable rates from the dipeptide and equivalent free amino acid solutions at each concentration studied.
Results
Amino acid absorption from dipeptide and amino acid solutions
During perfusion of the dipeptide, free glycine and L-alanine were detected in the intestinal aspirates (Table 2) . At each concentration of dipeptide perfused, free glycine accumulated in the gut lumen faster than L-alanine (P< 0.01 or less; Table 2 ). Water and electrolyte absorption (Table 3) Potassium. There was a small but constant net secretion of potassium into the lumen of the jejunum during perfusion of all the solutions.
Sodium and chloride absorption. There was no significant absorption of sodium or chloride during perfusion of the iso-osmotic sodium chloride solution. The addition of Gly-Ala in concentrations of amino acids in respectively equimolar concentrations significantly stimulated sodium absorption (P< 0.002 or less). Rates of sodium absorption from 10 mmol/l and 20 mmol/l Gly-Ala solutions were similar to those seen during perfusion of their respective equivalent amino acid solutions. Sodium was absorbed faster during perfusion of 40 mmol/l GlyAla than during perfusion of the 40 mmol/l equimolar amino acid mixture (Pc 0.05). At higher concentrations of dipeptide and free amino acids, there was a fall in the rate of sodium absorption and net secretion of sodium into the lumen was seen during perfusion of the 80 mmol/l equimolar amino acid mixture and during perfusion of 140 mmol/l Gly-Ala and the equivalent 140 mmol/l equimolar amino acid solution.
The chloride content of the luminal contents aspirated during the perfusions of saline, 10 mmol/l Gly-Ala and 10 mmol/l free amino acid was not measured. In general, the values for chloride absorption from the rest of the perfusion solutions closely mirrored the values for sodium absorption.
Water absorption. There was no significant absorption of water during perfusion of the isoosmotic sodium chloride solution. Water absorption was stimulated by adding 10 mmol/l, 20 mmol/l, 40 mmol/l or 80 mmol/l Gly-Ala as well as therespective equimolar concentrations of free amino acids (P< 0.01 or less). At each of these concentrations the dipeptide and equivalent equimolar mixtures of free extent. There was an increase in the rate of absorption of water when dipeptide and equivalent amino acid concentrations were increased, reaching maximum mean values of 8.0 and 9.6 ml h-' cm-(which are not significantly different) during perfusion of 40 mmol/l glycyl-L-alanine and the equivalent 40 mmol/l equimolar amino acid solution. Water was absorbed during 140 mmol/l Gly-Ala perfusion but net secretion of water occurred (mean 0.84 ml h-I cm-*) during perfusion of the 140 mmol/l equimolar amino acid solution.
Osmolalities (Table 4) There was no significant difference between the osmolalities of the infused solution compared with the luminal contents aspirated from the distal end of the perfused segment.
Discussion
The present studies show that the neutral amino acids glycine and alanine have effects on the jejunal absorption of water and electrolytes similar to those of monosaccharides glucose and galactose (Sladen tion reaches a peak at increasing amino acid concentrations, as though there was a maximal watertransport capacity of the jejunal mucosal cell, and then tails off. The explanation for the tailing off of water absorption at the highest amino acid concentrations is unclear. It is not likely to be solely due to the diminished sodium content of the test solutions, because lower values for water absorption were observed during perfusion of 80 mmol/l dipeptide solutions than from solutions containing 40 mmol/l of each amino acid in the free form (Table 3) , despite the fact that these two solutions contained the same concentrations of sodium. It is of interest that a very similar effect was noted when Sladen & Dawson (1969) investigated the effect of increasing concentrations of glucose on water absorption. The maximal water-transport capacity of the jejunum (1 1.1 f SEM 1.4 ml h-l cm-l) was slightly higher than that observed during the present study (9.67 f SEM 0.327 ml h-' cm-l) but this could merely be due to proximal reflux of the infused solutions, as Sladen & Dawson (1969) used a double-lumen tube without an occlusive balloon in their experiments. A further similarity exists between monosaccharides and amino acids, because over all ranges studied water and solute absorption from isotonic solutions is isoosmotic with plasma ( Table 4, and Sladen & Dawson, 1969) . There is evidence from animal studies in vitro that both glucose and sodium, and alanine and sodium cross the mucosal borders of intestinal mucosal cells in a 1 : 1 molar ratio (see review by Schultz & Curran, 1970) . Neither Malawer, Ewton, Fordtran & Inglefinger (1965) nor Sladen & Dawson (1969) observed this ratio in vivo in man during their perfusions with glucose-saline mixtures. Similarly we have not been able to demonstrate any constant relationship in the present system in vivo during perfusion with amino acid-saline or dipeptide-saline solutions. Although Hellier et al. (1973) showed that amino acids and sodium were absorbed in a 1:l molar ratio they pointed out this could have been fortuitous as they studied only a narrow range of amino acid concentrations. Our findings do not, of course, exclude the possibility of quantitative coupling of amino acid and sodium entry at the mucosal surface. Net sodium absorption in vivo is the result of rapid bidirectional fluxes across the mucosal cell membrane, and may be influenced in complex ways by concomitant non-ionic solute absorption and by the electrochemical sodium gradient from blood to lumen.
The results show that dipeptides as well as disaccharides (McMichael et al., 1967 ; Sladen, 1970 ) have a marked effect on jejunal absorption of water and electrolytes. Hellier et al. (1973) observed that 10 mmol/l glycylglycine and 10 mmol/l glycyl-L-alanine had effects on water and sodium absorption comparable with those of equivalent concentrations of free amino acids, and in the present study glycyl-L-alanine up to concentrations of 80 mmol/l also conferred a similar stimulatory effect on water absorption as solutions containing the same amount of amino acids in the free form. A striking difference between water and sodium handling is seen when 140 mmol/l dipeptide is compared with the mixtureof amino acids (140 mmol/l of each). These differences are almost certainly due to the very different luminal sodium concentrations in the two solutions.
In spite of the similarities, major differences do exist between the results of the present dipeptide studies and those previously reported for disaccharides. These are seen when the data are analysed in terms of net solute and water absorption. In the sugar studies (Sladen, 1970 (Sladen, , 1972 there was a constant relationship between total solute and water absorption during perfusion of various concentrations of glucose in saline solutions. A similar constant relationship was also observed during maltose- peptides by brush-border enzymes, followed by uptake of liberated amino acids by specific amino acid-transport mechanisms, and secondly, entry of intact peptides into the mucosal cell, followed by intracellular hydrolysis. In considering the relationship of peptide and total solute and water absorption we have calculated the data as if only one or other mechanism operated. For the first analysis we have assumed that dipeptide hydrolysis precedes uptake of liberated amino acids (Fig. la) , i.e. a dipeptide is handled in a manner similar to disaccharides. The plots for total solute and water absorption during perfusion of the 10 mmol/l and 20 mmol/l dipeptide solution fall near the theoretical line representing an iso-osmotic absorbate ( Fig. la) . At higher concentration of the dipeptide (40 mmol/l, 80 mmol/l and 140 mmol/l), the constant relationship between total solute and water absorption no longer exists: total solute absorption is clearly in excess of that expected saline perfusion, assuming that one molecule of for the observed values of water absorption (Fig. la) . maltose exerts an effect on sodium and water If one now assumes that dipeptides, unlike disacabsorption comparable with that of two glucose charides, are absorbed intact, and that one molecule units. There is now a good deal of experimental of dipeptide rather than two molecules of free amino evidence to suggest that there are two modes of acids exert an osmotic effect on water and electrolyte absorption of amino acids from oligopeptides absorption (Fig. lb) , the plots for total net solute (Matthews, 1971; Silk, 1974a) . First, hydrolysis of and water absorption during the 10 mmolil, 20 mmol/l and 80 mmol/l dipeptide perfusions fall on or near the theoretical line for an iso-osmotic absorbate. The values for the 40 mmol/l and 140 mmol/l dipeptides fall just below the line. One must therefore conclude that at high concentrations the vast majority of infused dipeptide exerts a stimulatory effect on water and electrolyte absorption before hydrolysis to free amino acids take place. The assumption of absorption of dipeptide as intact molecules has little effect on the relationship between total solute and water absorption when the 10 and 20 mmol/l dipeptide solutions are considered because at these concentrations the contribution of amino acid absorption to total net solute absorption is relatively small. However, at higher concentrations of perfused dipeptide, amino acids become the major absorbed solute and thus the assumption of intact dipeptide absorption has a major effect on the relation between total solute and water absorgtion. At 6rst sight this finding would support previous suggestions that a significant proportion of some dipeptides may be transported intact into the mucosal cell. However, the data pose some problems in relationship to current thinking about the site of osmotic equilibration of solute and water during absorption. Present concepts (Fig. 2 ) stemfromstudies carried out with gall-bladder epithelium (Diamond & Bossert, 1967; Tormey & Diamond, 1967) .
Solute is thought to be transported across the lateral cell membrane into the intercellular space, resulting in a hyperosmolar medium in this compartment. Osmotic equilibration then takes place in the lateral intercellular space, water moving passively out of the cell down an osmotic gradient. Lateral spaces between intestinal epithelial cells also distend during fluid absorption (Tomasini & Dobbins, 1970; Dibona, Chen & Sharp, 1974) , which suggest a site of osmotic equilibration in the intestine similar to that of gall-bladder epithelium. If the site of osmotic equilibration during perfusion of high concentrations of dipeptide is in the lateral intercellular spaces our data suggest that intact dipeptide must enter these spaces (Fig. 2) . It follows that at the high concentrations studied, unless there is a hitherto unsuspected site of dipeptide hydrolysis, intact dipeptide could then enter the portal circulation before hydrolysis. Direct sampling of portal venous blood during absorption of high concentrations of dipeptides in man has not yet been carried out, but in keeping with our observations Adibi (1971) detected significant concentrations of unhydrolysed glycylglycine in human peripheral blood during intestinal perfusion at a concentration of 50 mmol/l. In the rat, however, only small concentrations of intact dipeptide have been detected in portal venous blood when high concentrations of poorly hydrolysed dipeptides were presented to the intestinal mucosa for absorption (Peters & MacMahon, 1970; Boullin, Crampton, Heading & Pelling, 1973) . Further studies are thus needed before mechanisms of fluid transport can be fully explained.
